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DESIGN AND TEST OP A SMALL SINGLE STAGE TURBINE 


ABSTRACT 


An investigation waa conducted to determine the applica- 
bility of the recent work done in the field of large full 
admission turbine design to the problem of designing a small 
partial admission turbine. 

A single stage axial flow impulse turbine with an out- 
side dirmeter of four inches was designed and its efficiency 
calculated by methods which heve proved successful in large 
turbine design. The stage wea then manufactured and tested. 
The test results indicated that the maximum efficiency was 
within two percent of the calculated efficiency. 

During the investigation a simple method of manufacturing 
small turbine stages was developed and proved successful; а 
test apparatus suitable for conducting investigations into 
the effects of tip clearance changes, partial admission, and 
Reynolds number was designed and built; and a test procedure 


established. 


Ve 


АЎ Ilo 








ACKNOWLEDGEMENTS 

The authors wish to express their apprecistion for the 
assistance and cooperation of all those who worked with them 
durinz the investigation. 

Professor Ernest P. Neumann encouraged us to undertake 
this work, and it is largely due to his enthusiastic interest 
and guidance that it wes completed. We are especially in- 
debted to him for making arrangements for the use of the 
D.A.C.L. dynamometer and all the coordination this required. 
His help, suggestions, and criticism at every stage of pro- 
gress proved invaluable. | 

We wish to thank Mr. Robert W. Mann of the Dynamic Analy- 
sis and Control Laborztory of the Institute, who designed the 
dynamometer, for his cooperation and help in adapting our test 
housing to fit the dynamometer, and for his patient help in 
using it during the test runs. 

The completion of our test program hinged on the manufac- 
ture of the turbine wheels, and we are, therefore, most grate- 
ful for the help given us in this effort by Mr. Edward Gugger. 
The overall plan for the machining processes and its ultimate 
success are due to his imaginative and conscientious efforts. 
He made all the special tools required, instructed us in every 
phase of the cutting and milling work, and in the last week of 
the investigation he rebuilt the damaged shaft and bearing ar- 
rengements so that the tests could be completed on schedule. 


те also wish to thank Mr. Jan Schnittger for his assistance 

















Table of Contents 


Acknowledgements 
Abstract 
Symbols and Subscripts 
I. Introduction 
ІІ. Design of the Stages 
III. Calculation of the =fficiency of the Stages 
IV. Equipment and Instrumentation 
А. Manufacture of the Whecls 
В. Design and Manufacture of the Test Housing 
C. Instrumentation 
Y. Test Procedure 
VI. Results and Conclusions 
Appendices 
I. Calculation of the Stresses and Radial Dis- 
placements in the Turbine Wheel 
II. Calculation of the Loss Coefficients 
III. Calculation of "m Static Deflections, Slope 
end Whip Spe d of the Turbine Shaft 


References 


10 


18 
21 
27 
30 


32 


38 


41 


47 








ШІ. 


12. 


13. 


14. 


15. 


16. 


I7. 


ШӘ”, 


19. 


List of Figures 


Rotor Geometry 

Subsonic Stage Velocity Diagram 
Subsonic Stage Geometry 

Sunersonic Stage Velocity Diagram 
Supersonic Stege Goometry 

Loss Coefficionts for Turbine Passrges 
Znthalpy-^ntropy Diagram 

Supersonic Nozzle 31aie Templates 


Pentogreph “ngraving Machine Set Up to Cut the 


Supersonic Nozzle 


Turbine Assembly 

Sxploded View of the Test Housing 
Assembled Housing 

Schematic of Air Suprly System 

Test Housing and Dynamometer Mounted for 
Test Runs 


Nozzle Ring with Partial mission Plate in 


Generel View of the Test Nauipment 
Schematic of Instrumentation System 
Measured Performance of Sunersonic Stage 


Turbine Shaft, Bearings апа Rotor 


д age 


ць 


11 


15 


26 


SYHBOLS 


Borb Blade section dimension іп the axial direction 


Corc 


“212 


”% 
із 


5 


е 


< 


€ — rw E Зося 


Blade aerodynamic chord 
Absolute stream velocity 
Modulus of “lasticity 
Gravitational constant 
Enthalpy 

Homent of inertia 

Mechanical equivalent of heat 
Blade length 

Mach number 

Pressure 

Blade spacing 

Temperature 

Tangential rotational velocity or radial displacement 
Relative stream velocity 

Work | 

Air angle 

Blade angle 

Rotor tin clearance 
Efficiency 

Poisson's ratio and viscosity 
Loss coefficient 

density 


Angular rotr tional velocity 








t pn s 













Profile 
— 
Secondary 

Stator 

Stage 

Turbine 

Inlet to stator 

Inlet to rotor 

5хі% from rotor 

In the axial direction 


In the tangential direction 








1 


I. introduction 

The introduction of the guided missile into the military 
picture of today has brought with it a demand for small auxiliary 
power generating units of simple, rugged construction and high 
output. For some applicetions the gas-driven turbine appecrs 
to offer an esnecially attractive answer. In one of its simpler 
forms this unit consists of a combination storage and combustion 
chamber for a solid fuel, one or two simple nozzles, and a single 
stege turbine which is driven by the gaseous combustion products 
of the fuel. | 

Such units have been successfully designed in the past 
where work output reauirements have been moderate compared to 
the energy available in the fuel supply. Recent requirements 
for much higher output per unit weight and volume of the power 
generating unit have forced the re-examination of the problem 
of designing small partial admission turbines. 

the art of designing full admission gas turbines has made 
rapic strides since the advent of the turbo-jet power plant for 
aircraft, reliablo methods for computing the efficiency of these 
turbines have beon developed, and some work on partial admis- 
sion performance done by Kohl, Herzig, and Whitney of the 
National Advisory Cuma cna For Jon ad 1). 

To examine the applicability of the recent work done on 


large full admission turbine design to the field of small 








partial admission turbines a four inch diameter turbine stage 
was designed and built and its full admission efficiency cal- 
culated. The stage was then tested in a specially designed 

housing and its output and efficiency measured. Provision was 


also mace for future partial admission investigations. 


Il, Design of the Stages 
The design of the turbine stages was divided into two 


parts, one for a stage with completely subsonic flow and one 
for supersonic flow leaving the stator but with subsonic 
relative flow entering the rotor. 

Once the decision to use an impulse wheel had been 
made the design of the stage was largely dictated by the 
capacity of the machine tools available. With the blade 
height limited to a maximum of 0.500 inches and the blade 
passage at the root fixed at a minimum of 0.125 inches a 
passage designed to produce an air turning angle of 100 de- 
grees with minimum two-dimensional losses was laid out 
according to a design formula developed by Zweifel (2). 

The blade section generated by this passage was modified as 
Gi cated in Figure 1 by replacing the pointed leading edge 
with a fitted circular arc. This resulted in a considerable 
improvement in aspect ratio with only a slight sacrifice in 
the optimized solidity, s/c, and produced an eerodynamic 
shape capable of accepting a much larger range of inlet 
angles. 

By placing Mach number limitations of 0.70 on the rela- 
tive entering velocity, ME to avoid choking of the passage, 


and of 0.95 on the velocity leaving the stator, C1, the 
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velocity diagram for the subsonic stage was completely speci- 
fied for a back pressure of four pounds per square inch abao- 
lute and a total inlet temperature of 530 degrees Rankine. 


FIGURE 2 


Uzl34/sec. 


SUBSONIC VELOCITY DIAGRAM. 





The trailing edge thickness of the rotor was also limited 
by manufacturing considerations and -— this vas fixed at 
0.009 inches the number of rotor blades was fixed for the de- 
sign annulus (four-inch outside and three-inch inside diameters). 
Continuity considerations in turn set the mass flow. 

With a mass flow of 0.438 pounds per second and blade 
height of the stator equal to that of the rotor the number of 
stator blades and their trailing edge thickness were likewise 
specified. The stator geometry was then fixed excent for the 
chord length, chord line curvature, and thickness distribution. 


the chord length selected represented a compromise between the 
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requirement for a reasonable aspect ratio to minimize friction 
losses and the recuirement for a large radius of curvature to 
minimize the possibility of flow separation resulting from too 
abrupt a turning of the air. The chord line curvature and 
thickness distribution wore designed to conform as nearly as 
possible to current practice in the aircraft gas turbine field. 
The subsonic stage geometry apnerrs in Figure 3. 

The supersonic stator was designed to operate with the same 
rotor. The smallest blade outlet angle capable of being machined 
by the methods discussed below was believed to be of the order of 
20 degrees, so with axial air inlet specified the blade turning 
angle a then limited to about 70 degrees. To achieve an air 
turning angle of 70 degrees the blade outlet angle was designed 
for 17.3 degrees to allow for the expansion of the air leaving 
the stator at a Mach number of 1.133 to an angle of 20 degrees. 

The velocity diagram for the supersonic stage operating at a 

FIGURE 4 
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SUPERSONIC VELOCITY DIAGRAM 




















back pressure of four pounds per square inch absolute and a total 
inlet teimer-ture of 530 degrees Rankine apnears above. 

As wes the case for the subsonic stage, once the blade height 
of the stator was fixed and the mass flow specified, the number 
of stator blades and their trailing edge thickness were uniauely 
determined. And again, except for the chord length, chord line 
curvature, and thickness distribution, the geometry of the sta- 
tor was fixed. The chord length was selected to mect the same 
requirements that applied in the case of the subsonic stator, 
and the chord line curvature and thickness distribution were se- 
lected to fix the nozzle throat at the pass:ge outlet. The blade 
section was designed with the assistance of Hr. Jan Schnittger 
of the STAL, Finspong, Sweden. The geometry for the supersonic 
stage appears іп Figure 5. 

і. discussion of the stresses and radial displacoments in 


the turbine wheel and blades is contained in Appendix I. 








FIGURE 5. 
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SUPERSONIC STAGE GEOMETRY 














The accurate calculation of the efficiency of a turbine stage 
depends to a large extent on how precisely the losses in the | 
stage can be predicted. Present practice in gas turbine design 
is to express these losses in terms of separate loss coefficienta 
Sor the stator and rotor. 

Two methods of computinr the loss coefficients, € R and & 5’ 
from the stsge geomctry end the gas nronerties have been summarized 
by Van Le (3). 

The first of those is due to C. Я, Soderberg. His method in- 
volves the aovlication of correction fsctors for aspect ratio, 
Reynolds number, and inlet angle to nominal loss coefficients, 
which “ге functions of the air turning angle and generally of 
blade thickness ав indiccted in Fieure 6. Van Le hes suggested 
the use of two additional correction ee for solidity and 
"degree of reaction," 041/ 0... 

Ihe second method of calculating the loss coefficients fol- 
lows British practice in which the loss coefficient is taken to 
be the sum of an annular, a profile, and a secondary loss coef- 
ficient. The profile loss coefficient is the two-dimensional 
loss factor and ia a function of the air entering and leaving 
angles, and the solidity, and requires correction for Reynolds 
number effects. The annular loss coefficient ia a function of 
wall drag and is, therefore, & function of asnect ratio. All 


other three-dimensional losses including tip clearance losses are 
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included in the secondary loss coefficient. 


The results of the two computations of the loss coefficients 


are tabulated below. Sample calculations are contained in Appen- 
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Table I ` 
LOSS COMFPICISNTS 
Subsonic Stage 
Soderberg British 
Rotor Stator Rotor Stator 
5. . 0898 .0225 
om „0150 „0185 
ES ‚1500 .0256 
2 . 2965 . 0934 - ‚254% . 0666 
Supersonic Stage 
Soderberg Yan Le British 


tor Stator Rotor Stator Rotor Stator 





mn Mm ФҮү Үү 
> + 


‚253 141: .331 .0146 


.078 
.015 
.150 


«248 


.0335 
.0327 
.0053 
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The stage efficiency is universally defined 


Net = actual work 
В — reversible work 


ОҒ the several methods of defining reversible work it has 
been defined here as the work obtained in a reversible expan- 
‘sion from the enthalpy at inlet stagnation temperature to that 
at exit stagnation pressure. 

The turbine efficiency, as distinct from the stage ef- 
ficiency, has been def inca on the basis of a reversible work 
obtained in a reversible expansion from the enthalpy at inlet 
stagnation temper:ture to that at static pressure. This de- 
finition, of course, gives lower efficiencies, and is in- 
cluded here for comparison with efficiencies obtained, for 
example, in auxiliary power generating units where the 
kinetic energy leaving the stege is not available for useful 
work. 

From the temperature (enthalpy)-entropy diagram, Figure 7, 
the losses in the rotor and stator are seen to be h. - ho, 
(On; 2), and E his! (Аһ) respectively. The loss coef- 


ficients discussed above have been defined by the relations 


£ = A hip 

: w2 logs 
and 

_ _ hs 

6 5 Т 01 /283 


The stage efficiency can then be written 








a hoo 7 oz 
(hoo ` hi) + (В, - 63) + (№2 - hog) = (hoa = hg) (1) 
where the assumption is made that (ho - hag = (hig - hag) ° The 
error introduced here is of the order of about three percent in 


thia tern. 
Noting further that 
E л 2 


and 


oe 


h, + 0,°/28J 


the stage efficiency can then be written 


7) at 


1 
= š 
0, 2(+ ° 
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The turbine efficiency can be defined in similar fashion 


e oa 
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FIGURE F 





ENTHALPY-ENTROPY DIAGRAM 
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Using the loss coefficients calculated by the "British" 
method in Zquation 2 gives a turbine efficiency of 76.0 per- 
cent, by Soderberg's method of 71.5 percent, and by Van Le's 
method of 78.1 percent. The corresponding stage efficiencies 
are 86.0, 80.3, and 88.8, respectively. 

Large turbine practice suggests that some correction 
be made to the efficiencies calculated by the Soderberg or 
Van Le method for tip clearance losses. Several methods have 
been suggested in the literature. Hawthorne (7) suggests 
that the numerator in Eauations (la) and (2) should be mul- 
tiplied by 0.96 to allow for "losses due to leakage at the 
tips and other clearances." Schnittger (8) reports that a 
3 percent allowance made in a recent design calculation based 
on Soderberg's method was justified by subsecuent tests. 

This type of correction ia based on the premise that the 
losses due to tin clear-nces sere essentially & const^nt per- 
centage of the total losses, provided that the tip clearance- 
blade length ratio remains between 0.01 and 0.02. Schulock 
and Jensen (9) report that a more useful parameter is the tip 
clearance-blade chord ratio, and that the losses are functions 
of the relative Mach number. For a reaction wheel with the 
same clerrance ratio they predict „ decrease in efficiency of 
4.75 vercent. Van Le (3) suggests that losses vary with tip 
clearance-blade length ratio, and that the reduction in ef- 
ficiency should be 4 percent based on the dcsign clearance. 


Herzig, Kuhl, and Whitney (1) propose that the losses vary 








„168 


as the ratio of the theoretical flow through an annulus with 
а thickness equal to the clearance dimension to the actual flow 
through the stage. Soderberg (10) agrees in principle and 


suggests the following form 
T (1 + a) Š 

ANtip clearance = 1718 sin 2 2 К (3) 
where K is approximately 1.0 for unshrouded blades. This gave 
an efficiency reduction of 2.5 percent. 

Due to the inherent difficulties in calculating the tip 
clearance at the operating condition it was believed that 
further attempts to refine the calculation of these losses 
were unwarranted, and the most conservative computed value 
based on the best estimate of the actual clearance (0.007 
inches), given by Equation 3 above, was used. 

The calculated turbine officiency of the supersonic stage 
was then 69.0 percent according to Soderberg and 75.6 accord- 


ing to Van Le, compared with 76.0 by the British method. 
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IY. quipment and Instrumentation 
А, Manufacture of the Wheels 


The turbine wheel and the two stator rings were manufac- 
tured out of Dural aluminum disks using a pantogranh engraving 
machine to cut the blades. When the stage geometry had been 
designed the blade cross section was drawn to a 16:1 scale, 
and a template cut by hand to this size out of 1/16 inch sheet 
brass. This template was then used in the pantograph machine 
to cut a second template on a 4:1 scale using a 1/2 inch end 
mill. This second template provided a snug fitting slot for 
the follower used in cutting the wheel, again using a 4:1 re- 
duction — as shown in Figure 8. 

The smallest commercially available end mill for cutting 
the blades was a 1/8 inch diameter mill capable of cutting to 
e depth of 1/2 inch. As shown in Figure 9, the end mill wes 
mounted in a vertical driving head whose horizontal motion 
was controlled by the template follower through a four bar 
linkage. The disk, which had been slotted to relieve the cut- 
ter, was held in an indexing head, and the depth of the cut 
controlled by raising the bed to which the indexing head was 
mounted. 

Ihe blade generated by the milling cutter then had an 
untwisted, untapered shape with constant cross section, a 


maximum length of 1/2 inch, and a minimum passage width at 








the root of 1/8 inch. 


This machining procedure resulted in the reproduction of 
а blade shape with almost exactly the desired cross section, 
the error in reproduction being of tho order of 1/16th of the 
error introduced in cutting the initial template. Although 
the surface of the blade showed ovidences of chattering of 
the cutter, the nagnitude of these surface imperfections was 
not considered sufficiently large to warrant rejection of 


this method of manufacturing the wheels. 











Figure 8. Supersonte Forsle Blate Tesplates 





Figure 9. Fantogreph Mngreving Mechina Tet Up to Cut tho Sue 
personio Forsle 
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Dosign and Menufacture of the Test Housing 





In order to test the stages a housing was designed and 
built by the authors with the assistance of the Boston Naval 
Shipyard and the Sloan Automotive Shop of the Institute. 

Figures 10, 11, aná 12 show the housing нн D It was 
designed to test stage with outside diameters from 2 1/2 to 6 
inches on metered dry eir at inlet pressures up to the capac- 
ity of the 125 pound air compressor of the Gas Turbine Labora- 
tory and with back pressures as low as 2 pounds per sauare 
inch absolute, the capacity of the steam ejector system. А 
schematic diagram of the air supply system is shown in Fig- 
ure 13. Provision was made for pressurized oil mist lubrica- 
tion of the two Barden high speed bearings in the original de- 
sien, requiring the design of front end back labyrinth seals 
to equalize the flow of oil vapor forward to atmospheric 
pressure through the housing and aft into the turbine stage. 
The oil system was eliminated in the manufactured housing, but 
the labyrinth system retained, and the bearings were lubricated 
by hand between test runs. The assembled housing and the dyna- 
mometer were rigidly bolted to a common mounting plate to in- 
sure positive — of the shafts, and the housing outlet 
was conrected to the ejector pipe with a flexible coupling as 


shown in Figure 14. 


The stator assembly is shown in Figures 11, 12, and 15, 








~2 


and consists of an aluminum nozzle ring into which the stator 


ж” 


wheel was shrink fitted. This arrangement was provided so 
that several stator wheels of the same outside diameter could 
be tested in one nozzle ring and so that nozzle rings with in- 
side diameters of from 21/2 to 6 inches could be used. 


Partial admission tests were made nossible by the use of 


partial admission plates which fitted onto the front and rear 
faces of the stetor assembly as in Figure 15 which shows the 
outlet. The inlet side was essontially similar. 

The shaft was mounted in two bearings with the wheel 
overhung as shown in figure 19 and the whip speed for this con- 


figuration calculated as 201,000 rpm. The details of this 


calculation are contained in Appendix III. 
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Figure ll. Exploded View of the Test Housing 
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Figure 12. Assembled Housing 
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Figaro 18. Forvle Ring vith Fartiol mission Flato in Pines 
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C, Instrumentation 


Instrumentation of the test equipment was divided into 
three major sections; (1) mass flow measuring instruments, 
(2) stage pressure and temperature instruments, and (3) torque 
and shaft speed measuring instruments. 

The mass flow of air was messured with an ASHE square- 
edged orifice meter built according to snecifications con- 
tained in Reference 4. 

-The minimum requirements for pressure and temperature 
measurements were considered to be upstream total temperature 
and pressure, Poy and Tog» downstream total temperature, Too, 
and downstream total and static pressure, Роз end po. Pig- 
ure 17 shows how these reauirements were met. In addition, 
provision was made for measuring the static pressure between 
the stator and rotor and at a point well downstream of the 
turbine outlet. Thermocouples were made according to speci- 
fications recommended by Pratt and Whitney Aircraft Corpora- 
mon (5). 

Torque and shaft speed Measurenents were made with a 
specially designed dynamometer made available by the Dynamic 
Analysis and Control Laboratory of the Institute. A descrip- 


tion of this piece of ecuipment is contained in Reference 6. 








Figure 16, 


General View 





of the Test Equipment 
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V. Test Frocedure 


Ihe performance of the turbine stage was determined by con- 
trolling the ínlet and outlet pressures so as to give the de- 
signed pressure ratio across the stage. The inlet pressure was 
controlled by means of a throttle velve connected to a 125 psia 
air compressor. The air supply was taken from this source so 
E6 to reduce the moisture content of the air below that which 
would cruse icing in the turbine st’ ge. 

The exhaust pressure was controlled by means of a throttle 
valve lesdine to the 6" steam ejector in the Gas Turbine Leb- 
oratory. This permitted exhaust pressures aS low as 3.00 psia 
with the mass flow used by the turbine. 

The mass flow of air w:s measured by means of the stan- 
dard square edged orifice meter, which was placed between the 
inlet throttle valve and the turbine inlet. 

The turbine rpm was controlled by varying the air pressure 
in the dynamometer casing to give the desired turbine rom. 

"ith the desired inlet pressure, pressure ratio across the 
stage, and turbine rpm held constant, the various temper: tures 
and pressures, as shown in Figure 17, were recorded. The pres- 
sures were read by mans of a mercury manometer board while 
the temper: tures were mersured by means of a potentiometer con- 
nected to the various thernocouples. At the same tíme the 
torque output of the turbine wags recorded by measuring the angu- 
lar rotstion of the dynamometer casing and comorring this with 


a Calibr:tion curve of torque versus rotation. 


Q= 








Data was taken at the following operating conditions: 


1. 


Design rpn (Por at design) 


a) 
b) 
с) 


а) 


Design pressure ratio 

Critical pressure ratio for the nozzle 

One pressure ratio above design, Р. minimum for 
capacity of ejector 


Two pressure ratios below critical 


(These runs were duplicated to check reproducibility 


of results). 


RPM 10% below design 


a) Design pressure ratio 


b) Two pressure ratios above critical 


c) Three pressure ratios below critical 


RPM 10% above design 


a) One pressure ratio at design pressure ratio. 


(Bearing failed at this rom nreventing further runs). 








YII Results and Conclusions 
When the original turbine efficiencies were calculated 


it was recognized that the velocities, loss coefficients, and 
pressure ratios were not altogether consistent. For example, 
c} was calculated on the basis of an isentropic expansion 
from 8.74 to 4.00 psia, although the loss coefficient cal- 
culation showed that the nozzle efficiency was of the order 
of 95 percent. The relative velocities in the rotor were 
calculated on the basis that the wheel was pure impulse, 
while the rotor loss coefficient indicated the presence of 
some degree of resction. When the test runs were made, 
therefore, the back pressure on the stage was appropriately 
reduced in an attempt to obtsin the design pressure ratio 
across the stator. Subseauent recalculation of tne velocity 
diaercm and the associated loss coefficients on the basis of 
the measured pressure ratios used during the tests showed 
that the new velocities end loss coefficients changed the cal- 
culated efficiency by less than one percent. This conclusion 
was confirmed by the relatively flat characteristic of the 
curve of Ù versus u/c near the design point. 

Two sources of data for msesuring the work output of the 
turbine were available, the dynamometer and the thermocouples. 
Some difficulty was encountered in using the thermocounles, 
since there wes an apparent tendency for the readings at any 
meee tine point to decrease with time. This indicated the 


possibility that the shield was introducing varying radiation 
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errors until it cooled to near stream temperature. During 
the longest calibration run, however, messurements from the 
two data sources very nearly coincided, and the thermocouple 
readings appeared stable. Toraue and rpm measurements on 
the other hand were consistent and reproducible. For these 
reasons the data presented is based on the dynamometer 
measurements alone. 

The measurement of the upstream totel pressure at only 
one noint was considered justifiable since the circumferen- 
tial variations of static pressure were of small order. 
Measurements of the downstream pressure presented some pro- 
blems, and following the calibrrtion run a static pressure 
tap w_8 E well downstream in the ejector pipe (at Sec- 
tion D-D, Figure 17) for recording exhaust pressure, at 
Mach numbers less than 0.1, to calculate the turbine effi- 
ciency. At the start of the two final runs at design speed 
the six total pressure tubes were yawed until maximum pres- 
sures were read when operating at the design condition, The 
average of these pressure ee was then used in calculat- 
ing the reversible work to determine the stage efficiency. 

Based on the measured mass flow of 0.303 pounds per se- 
cond, the mersured stage efficiency was 78.1 percent and the 
turbine efficiency was 73.6 percent at the design condition. 

Two conclusions may be drawn from this result. First, 
there appears to be some doubt about the validity of Van Le's 


contention that the Soderberg loss coefficients require 








modification. Without these modificetions the Soder- 
berg loss coefficients predict efficiencies very close to 
those measured, while with them they predict somewhat 
hisher efficiencies comparable to those from the British 
data. Second, the tiv clearance corrections predicted from 
large turbine data apceor unduly high. Schnittger (8) haa 
suggested that these losses might better be considered on 
the basis of the ratio of the tip clearance to the thick- 
ness of the boundary leyer in the flow at the blade tins, 

б) 5 p. “hen this ratio is less than unity the losses 
due to the flow of the low momentum boundary layer fluid 
through the tip clearance s»ace would probably be negli- 
gible. It seems likely thet 27 5 ۾‎ Was neer unity in 
the test setup. The distance measured along a stream 
line from the fairly sharp corner at the forward outer edge 
of the st:tor inlet is 1.25 inches. 

The test housing is suitebly designed to verify this 
second conclusion by an investig: tion of the effects of vary- 
ing the tip clearance and changing the inlet conditions. 

Based on the above, the following method for computing 
the efficiencies of the supersonic stage resulted in a bre- 
diction only two percent in error. 

(1) Using the velocity diagrem based on the two di- 
mensional geometry of the stage 2t the mern blede radius 


and the design pressure ratio, loss coefficients were 
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computed from the data presented by Soderberg. 

(2) The efficiencies were calculated using “quations 
la and 2. 

(3) No correction for tin clearance losses was made. 
The data presented in “igure 18, vaze 3 , jg based on two 
sets of runs. Gne point at the design condition, the 90 
percent design rom points, and the 110 percent design rpm 
point were obtained before the reor bearing failed at 110 
percent design rom (aprroximately 44,000 rpm). The ori- 
ginal 8 mm Barden bearings were replnced vith 10 mme Fafnir 
be-rings, and the second set of points 1t design rpm were 
obtained. Each pressure ratio point was duplicated, the 
results were found to agree within less than one percent, 
and the design point efficiency from the first set was 
verified. The rear bearing failed again, dameging the 
wheel and concluding the test portion of this work. The | 
cause of the berring failures remains undetermined. 

As noted in Section III provision was made for future 
investig: tions into the effects of partial admission in 
small turbine stages. 

It is believed that basic test procedure outline in 
Section IV is sound. Control of the upstream and downstream 
pressures was effective. Placing the inlet throttlə velve 
end the ejector throttle valve so that they cen be con- 
trolled by one man who can watch the manometer bcard would 


save considerable time in taking the data. Total pressure 
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APPENDIX I 


Calculation of the Stresses and Redial Sxtensions in the 


¿urbine +heel 


The moderate rotational speeds of the turbine wheel in- 
dicoted that simplifications in the stress and radial dis- 
placement calculations could be made. In the following cal- 
culations, therefore, the turbine wheel has been replaced by 
a uniform disk. 

Den Hartog (11) has summarized the stress and radial 
displacement equations for the case of a uniform rotrting disk 
with outside radius, Го, hole radius, гі” and without radial 
loading on either bound-ry. (ovations 1 and 3 below). Since 
the actual wheel was made with a sliding fit on its shaft for 
easy removal, the inner no load boundary condition is identi- 
cal. By neglecting the blading and calling the radius to the 
wheel blade tip ry, he outer boundary condition ir also satis- 
fied. 

Ihe radial stress was not calculated since it is always 
smaller then the tengential stress for these boundrry condi- 
tions. The tangential stross was then 


= з + 2 2 гоог; 2 2 
в, sag Sth Е Tr X. - E г] (1) 


where 
p = 0.10/386 1d sec2/in4 
H = 0.25 
rọ - 2.00 inches 


0.25 inches 


5m 








evalusted at r - r; where the stress is maximum 


5, - ()^ (8.45 x 107%) 1b8/in2 
The maximum value for (J^ anticipated was 17.45 x 106 
so that the stress was far from critical. 


5. S. Taylor (12) gives the maximum stress for blades of 


uniform cross section as 


s- p w ?[2TT386 * Mir“ - г?! (2) 


and where ry = 1.75 inches 
в=0) 2 (1.125 х 107“) 
The same maximum W* showed that this stress was also 
ШТ from critical. 
The radial extension of the simplified disk was, from 


Den Hartog 


2 (3 - М) 


w= PW 


а 


ES * Q*40/Q -Ш) т2г2/т2 - (1+щКз+ 22 | (з) 


using E = 10 x 10° 1bs/in? 
and evaluating atl r = Io 
u =W? (5.74 х 10711) 
and withW ? again the maximum value, 17.45 x 109 
u = 0,001 inches 
Since the clearance between the blade tip and the turbine 
ring could vary from 0.010 to 0.0075 inches without affecting 
the calculated efficiency of the turbine this extension of the 


wheel was neglected in the wheel design calculations. The 








tion and u further decreased by thermal contraction. 











APPENDIX II 


Calculation of Loss Coefficients 


A. Soderberg's Method 
1. For the supersonic stator 


From Figure 6 for 8 "^, the design turning angle, of 


70 degrees 


6 - „0705 


To correct for the aspect ratio 


<A (1+E*) E 4- .075 A -1 


en = 4125. Yor dx l = DOIS 


To correct for the Reynolds number which is defined 


II 


(2 S sin 821, Cy Py 


S sin 1 
Ве = a E = 61,300 
E L1 
Ё. = Е: 000/3, | m: 
eu : е 1 
араў 


Yan Le has suggested that F be further modified for 


the degree of reaction 
— = E 9* - .10/.0086 б" - .09| (9 */э0° - Q, -1) 
+ .10 - .00270*+6> 


= .1412 - .1278 = .0134 


ба=кё. 


“here k for Van Le'a data is 1.1 


er = .0146 


— 


Since the inlet angle is considered the design angle 
K from Figure 6 is 1.00, so that 
Eg= KU+E 2,4) - 1 
ÉS = .1412 (Soderberg) 
E =  .0146 (Van Le) 
2. For the rotor using the same correction formula 
E „100 
Ё1- «182 for bx/l= 1.35 
Ё >= .253 for Fg = 26,800 
and from Yan Le 
£ s= „2035 
Ёа= 2551 
and with Ka 
5- - .253 (Soderberg) 
En = .331 (Van Lo) 
В. British Method 
1. For the supersonic nozzle 


an = .0335 from a curve of a versus S/C, Q,=0, 


contained in Reference 3. 


— 


-© согг-е% for Reynolds number which is defined 


Re (p vef p. outlet 
Hg = 186,1000 


12 
Ç x C ; 
Š p = En, (700 ,000/R,) 
£ > = 5 
> P 
СА - .02/ ДК 


2.0327 for АА - 6/1 - .611 














.078С fron a curve of € p, Versus 5/6; а, / SE - 


ч 
" 


«О955 Гог Ва = 43,750 


.0150 for (R=1.336 


Гүү 
Y 
i 


Ek z .18 for S/C - .613 








Appendix III 
Calculation of the Static Deflections, Slope and Whip Speed 
of the Turbine Shaft 


The static deflection and slope of the turbine shaft 
were calculated in the following manner: 
a) Constant diemeter of .375" assumed from strtion 1 
to station 3 
b) Constent diameter of .500" assumed from station 3 
to station 4 
c) Turbine rotor and lock nut assumed as point loads 


at their respective center of gravities. 


Frotor Phut 


— Le 


Using the above assumptions and the conjugate beam 
method of solution, the following deflection and slope were 
calculated at station 4. 


бу 


0 = .02895 degrees 


.0007 inches 








The whip speed of the turbine shaft was found by use 
of the formulas and curves in Reference 13. The same as- 
sumptions were used as with the deflection and Slope cal- 
culations with the diac effect of the turbine rotor taken 


into account. 


The disc effect was found to be equal to: 


— = 0 1.461 


Using this velue for disc effect the following value 


was found for the whip speed of the turbine shaft: 


К, 


8 


1 = 3.35 


0 


w”= 441,000,000 
w = 21,000 radians ver Second 


whip speed = 3,350 rps 


201,000 rpm 
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